In this study, the synthesis, spectroscopic properties (infrared and Raman) and crystal structures of two new compounds named (H 2 -is the barbiturate anion. For both complexes, we observed the presence of supramolecular interactions, such as electrostatic, hydrogen bonding and -stacking interactions. Compound 1 crystallised in a triclinic system with the space group P-1, which was generated by cationic and anionic units formed by protonated bpe, the barbiturate anion and water molecules. These molecules interacted through weak intermolecular interactions and were responsible for the crystalline stability of the synthesised compounds. For compound 2, an orthorhombic crystal system was observed with a Pbcn space group. In this crystal, the metallic site adopted a distorted octahedral geometry that was coordinated by two pyridine nitrogen atoms and four oxygen atoms from coordinated water molecules. The three-dimensional arrangement of the structure consisted of one covalent one-dimensional linear cationic [Fe(bpe)(H 2 O) 4 ] 2+ chain, which interacts by forming hydrogen-bonding, -stacking and electrostatic interactions with barbiturate anions and water molecules that were trapped in the crystal. The vibrational spectra of the two compounds were very similar despite the different crystalline arrangements that were adopted by the two structures. In the infrared spectra, two intense bands at 1684 and 1630 cm -1 were observed and assigned to the CO stretching ( CO) of the barbiturate anion and C=C of the bpe ligand, respectively. In the Raman spectra of the compounds, the most important bands were attributed to the bpe ligand at 1629 and 1006 cm -1 , which were assigned to the C=C and ring, respectively. The presence of the barbiturate anion was confirmed by the presence of a band of low intensity located at 680 cm -1 and was assigned as the ring-breathing mode.
INTRODUCTION
The construction of supramolecular arrays through building blocks has developed into a central theme of supramolecular chemistry [1, 2] . Many novel supramolecular complexes have been produced through organic blocks and/or metallic centres to generate expanding systems in one-, two-and three-dimensions [3, 4] . The main purpose of research in this area is the strategic construction of specific architectures as well as a more complete understanding of the connection between the structure and the physicalchemical properties [5] . These types of studies are important for scientific vision and technology and have several applications in optical, electronic, and catalytic processes as well as magnetic properties [6] [7] [8] .
The investigation of pyrimidine systems has become a focus for several research groups due to their function in biological environments as hypnotic drugs of the nervous system [9] and recently, as building blocks for generating supramolecular systems through weak noncovalent interactions [10] . In this context, barbituric acid has been determined to be a new supramolecular building block because the presence of a pyrimidine ring in its structure favoursstacking and C-H … type interactions as well as the presence of three carbonyl and two imino groups that can act as hydrogen bond acceptors and donors, respectively. Barbituric acid is a weak acid (pK a = 3.99) [11] due to the ability of the CH 2 group to lose one of its hydrogen atoms, which provides extra stabilisation to this species by resonance delocalisation [12] and is shown in Fig. (1) . Barbituric acid and the barbiturates, including the thiobarbiturate anion and violuric acid, possess hydrogen bond donor and acceptor groups, which may make them suitable for crystal engineering materials with specific or programmed properties. In addition, there are already known barbituric acid derivatives that exhibit NLO properties [13, 14] .
Another well-known nitrogen ligand in supramolecular chemistry used in this study is trans-1,2-bis(4-pyridyl)ethylene (bpe) and is mainly used for its spectroscopic characteristics and properties, such as its catalytic, optic and magnetic properties when combined with other building blocks and metal ions [15, 16] . Bpe can act as a rigid organic ligand or as a bridge between two metallic sites. The protonation of one or two of the nitrogen atoms of the pyridyl rings in the molecule is also possible when in acidic media, which expands the possibility for the formation of new structures that involve such systems. Another important feature is their ability to form supramolecular polymer system through the C-H … type and -stacking interactions, which generates a stable crystalline arrangement in one-, two-and three-dimensions [17] .
In the present work, the synthesis, crystal structure and vibrational spectroscopic analysis (infrared and Raman) of two new supramolecular complexes that involve barbituric acid, bpe and iron (II) ions are described. The objective of this study was to understand the role of each one of the building blocks by relating the spectra and crystal structure of the supramolecular compounds that were obtained.
EXPERIMENTAL SECTION

Chemicals and Reagents
All chemicals used in this study were used as purchased without further purification: barbituric acid (C 4 
Synthesis
The synthesis was similar for both complexes; in general, the compounds were prepared as follows: 15 mL of an aqueous solution that contained 70 mg (0.54 mmol) of barbituric acid (HB) was mixed with 10 mL of an ethanolic solution that contained 50 mg (0.27 mmol) of bpe, which led to a homogenous mixture that was yellow in colour. This solution was added to 5 mL of an aqueous solution that contained 0.27 mmol of a metallic ion solution. After all reagents were mixed, the formation of a precipitate was observed, and the system was stirred and heated to 60°C for 15 minutes, which resulted in the complete solubilisation of the reagents and the formation of a homogeneous mixture that was brown or orange in colour for the zinc and iron salts, respectively. After a few days, suitable single crystals were obtained and separated by filtration. The crystals were analysed by vibrational spectroscopy, thermogravimetric analysis and X-ray diffraction techniques. It is important to note that the only difference between the two compounds was the presence of the metallic ion. The synthesis of compound 1 should have contained a zinc(II) ion; however, the metal was not able to participate in the structure, and only the barbiturate ion and bpe are responsible for the crystalline structure. 
PHYSICAL MEASUREMENTS
Thermogravimetric measurements (TG/DTA) were performed using a Shimadzu TG-60 with a thermo balance. Samples were heated at a rate of 10°C min -1 from room temperature to 900°C in dynamic nitrogen atmosphere at a flow rate of 100 mL min -1 . Infrared spectra were obtained using a Bomem MB-102 spectrometer fitted with a CsI beam splitter with the samples dispersed on KBr disks, and the spectral resolution was acquired at 4 cm -1 . Good signal-to-noise ratios were obtained from the accumulation of 128 spectral scans. Fourier-transform Raman spectroscopy was performed using a Bruker RFS 100 instrument with an Nd 3+ /YAG laser operating at 1064 nm in the near-infrared region and a CCD detector that was cooled with liquid N 2 . Good signal-to-noise ratios were obtained from 2000 scans that were accumulated over a period of 30 min with a spectral resolution of 4 cm -1 . All spectra were obtained at least twice to show reproducibility, and there were no changes in the band positions or intensities observed. Single crystal Xray data were collected using an Oxford GEMINI A Ultra diffractometer with MoK ( = 0.71073 Å) at room temperature (298K) for compound (1) and CuK ( = 1.542 Å) at 120K for compound (2). Data collection, reduction and cell refinement were performed by CrysAlis RED, Oxford diffraction Ltda, Version 1.171.32.38 [18] . The structures were determined and refined using SHELXL-97 [19] . The empirical isotropic extinction parameter x was refined according to the method previously described by Larson [20] , and a Multiscan absorption correction was applied [21] . The structures were drawn by ORTEP-3 for Windows [22] and Mercury [23] 
RESULTS AND DISCUSSION
It is important to note that the difference between the two compounds investigated was that one only contained the barbiturate ion and bpe; however, this crystal was produced from a solution that contained zinc (II) ions, which were not likely to be part of the supramolecular structure. The results of the thermogravimetric analysis showed important and conclusive information in terms of the previous distinction between complexes 1 and 2. The thermogravimetric curves are shown in the supplementary materials. The thermogravimetric analysis of (H 2 bpe)B 2
. 2H 2 O (1) shows an initial mass loss at 165.5°C, which was attributed to the loss of two water molecules (calculated/experimental: 7.59%/7.70%) by the structure. There were three other weight loss steps that were observed with this experiment, which were attributed to the release of two barbiturate anions and the protonated bpe ligand. The inexistence of residue at 900°C suggests the absence of the zinc (II) ion in the formation of the crystalline complex and the complete thermal decomposition of the analysed organic material. For the [Fe(bpe)(
. 4H 2 O (2) complex, the thermogravimetric curves show that the first weight loss occurred at 182.5°C, which corresponded to the removal of four water molecules (calcd./exp.: 11.4%/11.6%) of hydration. A second weight loss was observed at 243.4°C and was attributed to the loss of four other coordination water molecules (calcd./exp.: 12.5%/12.3%). The other two weightloss events that were observed were attributed to the exit or decomposition of the barbiturate anion and the bpe ligand, and the final residue was identified as FeO (calcd./exp.: 11.0%/11.1%). Through thermogravimetric measurements, we observed an initial loss of mass that occurred at high temperatures for both complexes, which suggests a strong interaction of water molecules within the crystal lattice by means of supramolecular interactions, such as hydrogen bonds, which are very common for these types of compounds.
The structural arrangement of both compounds was determined by X-ray single crystal analysis; compound 1 crystallised in a triclinic system, which presented a P-1 space group, while compound 2 crystallised in an orthorhombic system with a Pbcn space group. The crystallographic data, main geometrical parameters and hydrogen interactions for both compounds are presented in Tables 1 and 2 , respectively. 2) shows the repeating unit for compound 1, which was formed by the diprotonated bpe cation through the nitrogen atoms of the pyridyl rings. The cationic unity was neutralised by two barbiturate anions, which interacted with each other by hydrogen bonds, and this interaction was classified as a head to tail interaction. The NH group of one barbiturate ion acts as an H-donor, which interacts with the Hacceptor carbonyl group of the other barbiturate. These hydrogen bonds present average O3 … N2 bond lengths of 2.876 (2) Å, which is classified as a moderate to weak interaction due to the average distance [24] [25] [26] . The presence of anionic and cationic species in the solid structure was explained by a simple acid-basic reaction between the building blocks used in the process. Two molecules of water are present in the crystals. Initially, this process contained Zn (II) ions, which were not able to be part of the supramolecular structure. Fig.  (3) shows the two-dimensional arrangement for compound 1 along the bc plane, and the hydrogen bonds between the two barbiturate anions and a protonated bpe ligand give rise to extended one-dimensional linear chains. An interesting supramolecular arrangement can also be observed for the hydrogen interactions between two barbiturate anions of adjacent one-dimensional linear chains, which gave rise to sheets that contained cavities. These cavities were classified as (a) used in each motif were assigned as subscripts and superscripts, respectively, and the size or degree of the motif (corresponding to the number of atoms in the repeat units) is indicated in the parentheses [27, 28] . Other supramolecular interactions occur between two consecutive barbiturate anions of different linear chains with the appearance of a zigzag chain that was generated by hydrogen bonds and extended along the c-axis. The two-dimensional array displayed in Fig. (3) interacts by hydrogen bonding with water molecules that are trapped in the crystal and are present in the structure along the a-crystallographic axis with other two-dimensional layers, which appear slightly shifted from the previous layers and give rise to a 3-D supramolecular arrangement. This 3-D array is responsible for the stability of the crystalline lattice of compound 1 because, in this type of structure, the centroid-centroid distance between the adjacent rings of the barbiturate anion and the pyridyl ring was larger than 3.80 Å, or more precisely 4.33 Å, which indicates that there was nostacking interaction between the aromatic rings in these compounds [29] . Fig. (4) shows the one-dimensional molecular arrangement for compound 2, which displays the cationic unit and contains the coordinated iron ion sites in a slightly distorted octahedral geometry. The iron sites were formed by four aqua ligands molecules in equatorial positions and two pyridyl nitrogen donors from two different trans-1,2-bis(4-pyridil)-ethylene (bpe) ligands in axial positions. The M-O and M-N average bond distances were 2.0978(2) and 2.230(2) Å, respectively, which is comparable to similar distances that have been observed in other compounds [30] . Two uncoordinated barbiturate anions neutralised the structure and interacted through hydrogen bonds, which were classified as moderate to weak due to the interaction distance [24] [25] [26] . These moderate to weak hydrogen bonds have O … N distances of 2.804(2) Å (N2 … O1) and occur through the NH group of one barbiturate ion (hydrogen donor) and the carbonyl group of the other barbiturate anion (hydrogen acceptor). Completing the repeat unit is the presence of four crystallization crystallisation water molecules, which are omitted from Fig. (4) for better visualisation. Figs. (5a and 5b) are two representations of the bi-dimensional supramolecular arrangement that is present in compound 2 along the ac plane. The supramolecular arrangement was formed by covalent bonds as well as supramolecular interactions, which are the main interactions responsible for the stability of the crystalline arrangement of the system. Fig. (5a) shows the molecular arrangement that is constituted by one-dimensional polymeric chains of [Fe(bpe)(H 2 O) 4 ] 2+ as the monomeric fragment along the diagonal of the ac plane, which generated two different spatial orientations along the b-crystallographic axis. The onedimensional polymer chains did not interact with the neighbouring chains; however, they did interact with the crystallised water molecules that were located in the same plane as the coordination water molecules. Therefore, a twodimensional array in the ac plane was generated by hydrogen bonding. Fig. (5b) displays other interactions that were present in the same plane of this structure and were classified as hydrogen bonds between the barbiturate anions and the crystallised water molecules. Along the a-crystallographic axis, the barbiturate anions interacted through hydrogen bonds and resulted in a zigzag chain, and the same interactions were present in the c-crystallographic axis. The three- dimensional arrangement of this structure was observed along the b-crystallographic axis with the presence of hydrogen bond interactions between the crystallised water molecules that were located between the layers with the coordination of water molecules and oxygen atoms that were present in the structure of anionic barbiturates. Propagation of these interactions produced rings that are shown in the supplementary material (Figs. S3 and S4) . In the ac plane, the interaction between barbiturate anions and coordinated and crystallised water molecules produced two types of independent rings that were classified as [27, 28] . Another supramolecular interaction that occurred between the rings of the bpe ligand and the anionic barbiturate for compound 2 were the centroid-centroid and interplanar distances that were between 3.53 and 3.45 Å. These results indicated that this compound contained an effective -stacking interaction.
Shown in
The vibrational spectra of all ligands and complexes 1 and 2 are shown in Figs. (6 and 7) (infrared and Raman spectra, respectively). The main vibrational modes and the respective assignments were based on similar chemical systems and are summarised in Table 3 [31] [32] [33] . In both structures, we observed similar vibrational spectra, which include bands that unequivocally confirmed the presence of the bpe ligand and barbiturate anion in the formation of the supramolecular structure.
The barbiturate salt used in the vibrational measurements was synthesised from a reaction between barbituric acid and sodium hydroxide, which formed the dihydrate species and was confirmed by elemental analysis. The infrared spectrum of the barbiturate anion shows a broad band at 3400 cm -1 , which was assigned to the OH stretching mode [ (OH)] and indicated the presence of water molecules in the starting building block. Two other intense modes appeared at 1688 and 1639 cm -1 , which were attributed to (CO) of the carbonyl groups in different chemical environments (C 4,6 =O and C 2 =O, respectively, following the numbering of Fig. 1) . According to Barnes et al. [34] , these vibrations appeared in barbituric acid at 1764 and 1747 cm -1 , respectively, which suggests the weakening of the CO bond was caused by the loss of a hydrogen atom from the structure and the formation of several resonance structures to stabilise the system. Three other bands of low intensity were present at 1412, 1369 and 1302 cm -1 , which refer to the (CN), (NH) and combination modes [ (ring) + (CH)], respectively. In the Raman spectrum of the barbiturate anion, characteristic modes were observed; for example, the two bands at 1702 and 1627 cm -1 were related to the (CO) in the structure. Another feature that appeared as an intense band at 680 cm -1 referred to the ring-breathing mode. De Oliveira et al. [32] investigated the main vibrational modes of barbituric acid by ordinary Raman and SERS (surface-enhanced Raman effect) spectroscopy, and they assigned the bands at 1735 and 1697 cm -1 to CO stretching, which was similar to our infrared spectra where these bands were shifted to lower wavenumbers. Another intense band was observed at 665 cm -1 and was attributed to the ring-breathing mode. Due to the delocalisation of the electronic charge over the barbiturate anion along the ring (strengthening of the ring bonds), a shift to higher wavenumbers for vibrational modes that involved the ring was expected and was present at 680 cm -1 . 4H 2 O (2); for comparison purposes, the spectra of the ligands (bpe and NaB) are also displayed. 4H 2 O (2); for comparison purposes, the spectra of the ligands (bpe and NaB) are also displayed.
For the bpe free ligand, the infrared spectrum showed characteristic bands, such as the band at 1597 cm -1 that was assigned to CC/ CN stretching of the pyridyl ring. Two other intense bands were present at 1416 and 989 cm -1 and were attributed to the (CC) and (ring), respectively. The Raman spectrum displayed two intense bands at 1641 and 1596 cm -1 , which were assigned to (C=C) stretching of the carbon atoms of the aliphatic chain between the pyridyl rings and (CC)/ (CN) of the same ring. For the bpe ligand, the spectral region (for both infrared and Raman spectra) between 1590 and 1650 cm -1 where CC and CN stretching modes were important for confirming the coordination or other disturbances caused to the structure, which could be seen through a simple change in position or intensity of the vibrational modes. For the same reasons, the feature at 996 cm -1 , which was assigned to the (ring) mode, appeared as a low intensity band.
The infrared spectra of compounds 1 and 2 exhibited two broad bands between 3500-3200 cm -1 , which were assigned to the (OH) and (NH) modes of H 2 O and the NH of the barbiturate anion, respectively. The presence of the broad band at ca. 3300 cm -1 indicated the hydration of the compounds, which was previously confirmed by thermogravimetric analysis and the structural study of the system. These water molecules were also responsible for the stability of the main supramolecular interactions present in both complexes. Moreover, the presence of the barbiturate anion was determined by the presence of a high intensity band at 1682 cm -1 , which was assigned to the (CO) mode. Three other bands of low intensity, which appeared at 1404, 1350 and 1302 cm -1 , were assigned to the (CN), (NH) and combination modes [ (ring) + (CH)], respectively. These last three modes assisted in the unequivocal confirmation of the presence of the barbiturate anion in the structure because these bands were present in a region where bpe has no vibrational activity. Two other intense modes, with one occurring at 1595 cm -1 due to (CC)/ (CN) stretching and the other at 1630 cm -1 , which was due to the (C=C) mode of skeletal chain between the two pyridyl rings, aided in the determination of the presence of the bpe ligand in the structure. The last band appeared to be shifted to a lower wavenumber in both compounds, which suggested a perturbation in compound 1 that was caused by the protonation of the nitrogen atoms of the pyridyl ring and for compound 2, the coordination of the metallic site to the nitrogen ligand. This band was expected to be present around 1640 cm -1 (as observed in the Raman spectrum); however, a loss of electrons caused by protonation and coordination of the nitrogen atom of the pyridyl ring likely caused a weakening of the C=C bond, which was involved in the resonance structure (Fig. 1) . The appearance of this band in the infrared spectrum, which was previously absent in the free ligand measurement, was likely due to a change in the symmetry of the bpe ligand in the formation of compounds 1 and 2.
Raman spectra of the compounds (Fig. 7) obtained at 1064 nm excitation wavelengths supported of the observations that were made based on the infrared spectra. The presence of bpe in the structure was confirmed by the observation of the bands at 1629 and 1006 cm -1 , which were assigned to the (C=C) and (ring), respectively. These modes appeared to be shifted to lower and higher wavenumbers, respectively, which suggests a process of coordination and protonation of compounds 1 and 2 similar to what was observed in the infrared spectrum. Another band was also observed in both compounds at 1201 cm -1 and was assigned to (C-C) mode stretching. The spectra of both complexes shifted to a lower wavenumber for the high intensity bpe band at 1641 cm -1 , which was assigned to the C=C stretching mode. In the infrared spectrum, this band was shifted for 1629 cm -1 . The presence of the barbiturate anion was observed by a band of low intensity that was located at 680 cm -1 and was attributed to ring breathing.
In summary, in this study we have reported the synthesis and results of the spectroscopic (infrared and Raman) and structural investigation of two novel supramolecular compounds, (H 2 bpe) (4-pyridyl) ethylene (bpe) and the barbiturate anion for compound 1 and bpe, the barbiturate anion and iron sulphate for compound 2. For compound 1, the absence of the metal ion in the formation of the complex was interesting because zinc sulphate was present in the synthesis. The molecular complex shows that the stability of the crystal lattice was due to electrostatic supramolecular interactions between cationic and anionic building blocks, which were formed through an acid/base reaction and the hydrogen bonds between the barbiturate anions and the crystallised water molecules. These noncovalent interactions resulted in the three-dimensional structure, which was responsible for the stability of the crystalline structure. For compound 2, the presence of the metal in the complex generated a slightly distorted octahedral geometry where the iron ion was coordinated to two pyridine nitrogen atoms from bpe in the axial position and four oxygen atoms from coordinated water molecules in the equatorial positions. All structures contained a covalent linear chain with cationic monomeric [Fe(bpe)(H 2 O) 4 ] 2+ fragments, which were neutralised by two barbiturate anions. The one-dimensional chain interacted with the barbiturate anions and the crystallised water molecules through -stacking and the hydrogen bonds of the supramolecular interactions, which generated the three-dimensional arrangement where the hydrogen bonds were responsible for the stability of the crystalline array. The vibrational (infrared and Raman) spectra of complexes 1 and 2 were similar, which suggests that protonation and coordination to the nitrogen ligand provided the same type of disturbance for the studied systems. The infrared spectra all contained two intense bands at 1684 and 1630 cm -1 , which were assigned to the CO stretching modes of the barbiturate anion and the C=C stretching mode of bpe, respectively. In the Raman spectra, the most important bands were attributed to bpe, such as the bands at 1629 and 1006 cm -1 , which were assigned to (C=C) and (ring), respectively. The presence of the barbiturate anion was confirmed by the presence of a band of low intensity that was located at 680 cm -1 and was due to ring breathing.
This work demonstrates that the use of multifunctional organic ligands that contain nitrogen atoms and carbonyl groups are very powerful building blocks for the preparation of different supramolecular complexes. Additionally, the use of suitable metallic sites for a particular type of ligand and the prediction of new types of interactions formed are factors that must be patiently studied under the focus of supramolecular chemistry.
SUPPLEMENTARY DATA
